GM1 gangliosidosis is a lysosomal storage disorder caused by β-galactosidase deficiency. To date, prospective studies for GM1 gangliosidosis are not available, and only a few have focused on the adult form. This retrospective cross-sectional study focused on clinical findings in Brazilian patients with the adult form of GM1 gangliosidosis collected over 2 years. Ten subjects were included in the study. Eight were males and two females, with median age at diagnosis of 11.5 years (IQR, 4-34 years). Short stature and weight below normal were seen in five out of the six patients with data available. Radiological findings revealed that the most frequent skeletal abnormalities were beaked vertebrae, followed by hip dysplasia, and platyspondyly. Neurological examination revealed that dystonia and swallowing problems were the most frequently reported. None of the patients presented hyperkinesia, truncal hypertonia, Parkinsonism, or spinal cord compression.
Impairment of cognition and daily life activities were seen in 7/9 individuals. Our findings failed to clearly identify typical early or late alterations presented in GM1 gangliosidosis patients, which confirms that it is a very heterogeneous condition with wide phenotypic variability. This should be taken into account in the evaluation of future therapies for this challenging condition.
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| INTRODUCTION
Gangliosidoses are autosomal recessive inherited metabolic diseases in which accumulation of gangliosides (glycosphingolipids containing one or more sialic acid residues) in the central nervous system (CNS) leads to severe and progressive neurological impairment.
1,2 GM1 gangliosidosis is a lysosomal storage disorder caused by β-galactosidase deficiency. Accumulation of GM1 ganglioside and related glycoconjugates in the lysosomes leads to lysosomal swelling, and cellular and organ. 1, 2 Primary β-galactosidase deficiency is also found in patients with Morquio disease type B (mucopolysaccharidosis IVB; MPS IVB). In this condition, the genetic mutation affects the catalytic activity related to the substrate keratan sulfate, causing a disease marked by bone dysplasia usually without neurological involvement. 3 Patients with intermediate phenotypes (clinical findings of MPS IVB and GM1 gangliosidosis) have been reported. 4 Secondary β-galactosidase deficiency may occur in galactosialidosis (deficiency of the PPCA protein, which protects β-galactosidase and neuraminidase from early degradation) and mucolipidoses II and III (deficiency of Nacetyl-glucosamine-phosphate transferase, which is required for the normal trafficking of β-galactosidase and other lysosomal enzymes to the lysosome) resulting in increased activity in plasma and decreased activity in tissues. 2 GM1 gangliosidosis is a neurodegenerative condition classified as type I (infantile, OMIM #230500), type II (late infantile/juvenile, OMIM # 23060), and type III (adult, OMIM # 23650) clinical forms. 5 The severe infantile phenotype (type I) is characterized by psychomotor manifestations by the age of 6 months, visceromegaly, facial and skeletal abnormalities, severe progressive CNS degeneration, and death by 1 to 2 years of age. 5 The abnormalities in type II usually start between 7 months and 3 years of age with slowly progressing neurological signs, including early gait abnormalities, strabismus, muscle weakness, seizures, lethargy, and recurrent bronchopneumonia. 5 Skeletal changes are less severe than observed in type I.
The adult form or chronic late-onset variant (type III) has a less severe phenotype, with onset usually between 3 and 30 years, although cases with earlier onset and protracted course may occur. It is characterized by progressive neurological impairment, with cerebellar dysfunction, dystonia, slurred speech, and mild vertebral deformities. 2, 5 The estimated incidence of GM1 gangliosidosis is reported as 1:100 000 to 200 000 live births. 6 However, the early infantile form seems to be much more frequent in Brazil, 7 with an incidence of 1:13 317 live births, and a carrier frequency of 1:58. 8 The GLB1 protein is encoded by the GLB1 gene (E.C.3.2.1.23; MIM 230500), mapping to chromosome 3p21.33. According to the Human Gene Mutation Database (HGMD), more than 160 mutations have been described as causative of GM1 gangliosidosis, 6 not including mutations related to Morquio B disease. To date, natural history studies of GM1 gangliosidosis have been based on retrospective data collected through surveys. 9 Prospective studies for GM1 gangliosidosis are not available. However, a few case series have been published describing several findings in these patients. 6, 10, 11 Currently, only symptomatic and supportive treatments are available for GM1 gangliosidosis. 10 Different strategies have been explored to treat this disease, and they include hematopoietic stem cell transplantation (HSCT), substrate reduction therapy, and gene therapy. N-butyldeoxynojirimycin (NB-DNJ, miglustat)-mediated substrate reduction therapy has been approved to treat patients with type 1 Gaucher disease and Niemann-Pick disease type C and has been used experimentally in late-onset Sandhoff disease. [12] [13] [14] [15] Interesting results have also been reported in a mouse model of GM1 gangliosidosis. 16 Research is underway in animal models to evaluate gene and enzyme replacement therapies for the treatment of this disease. 6, 9, 11, 17 However, robust data about the natural history of GM1 patients are necessary to evaluate treatment efficacy. This study aimed to contribute to the better understanding of the adult form of GM1 gangliosidosis, presenting a retrospective characterization of a sample of Brazilian patients by focusing on clinical features. 
| MATERIALS AND METHODS

| Patients and ethics
| Clinical features
Clinical, phenotypic, and biochemical data were obtained from patient records and recorded in a specific form.
| Molecular genetics analysis
Molecular genetics data were obtained from patient records and consisted of most of the mutations already published.
8,18-22
| Statistical analysis
Statistical analyses were conducted using the REDCap software, which is specifically designed for medical data collection. REDCap is web-based, uses 128-bit data encryption, and provides role-based security by requiring a user ID and password for access. All subject data were automatically identified by a computer-generated code to which only the researchers involved in the survey had access. In this data analysis, we describe the number of GM1-diagnosed cases and the frequency and type of symptoms that occurred according to the age of the patients. We also describe the clinical and biochemical phenotypes and patient genotypes. Categorical variables are expressed as absolute and relative frequencies and continuous variables as mean ± SD or median (interquartile range). The chi-square test was used to test for associations between categorical variables. Other nonparametric tests were employed as needed to evaluate potential associations among study variables. Results were considered significant at P < .05.
| RESULTS
This is a retrospective cross-sectional study in which clinical information was obtained from patients' records. Ten patients were included, eight males and two females. All these patients had the adult form of the disease. The median age at diagnosis was 11.5 years (IQR, 4-34 years). Consanguinity was reported in 2/10 patients. The age at onset of symptoms ranged from 0.5 to 7 years (mean = 3.55 years). The sample profile is described in Table 1 .
Regarding molecular analysis, out of the 10 patients included in the study, we only had access to genotype data for four. All of these mutations have been previously reported. 6, 8, 10, 19, 21 The mutations identified in the GLB1 gene are shown in Table 1 . Short stature and low weight were observed in 5/6 patients with data available. Increased liver size was reported in two patients. Cardiomyopathy (nonspecific), valvular insufficiency, sinusitis, coarse voice, corneal clouding, and hearing impairment, were seen in one patient. Other signs previously described in lysosomal storage diseases such as skeletal findings, coarse faces, large head and genu varum, were also rare. Short neck, protrusion of sternum, barrel-shaped thorax, joint stiffness, joint contractures, waddling gait, genu valgum, and elbow or shoulder problems were seen in two individuals. Scoliosis or gibbus and kyphosis were present in 7/10 and 4/10 patients with data available, respectively. Radiological findings revealed that the most frequent skeletal abnormalities were beaked vertebrae (5/9), followed by hip dysplasia (4/9), platyspondyly (4/9), osteopenia (2/9), J-shaped sella turcica (2/9), and odontoid hypoplasia (1/9; Table 2 ).
Clinical evaluation revealed that the majority of patients needed help to walk: eight and five patients out of nine with data available required a walking aid and wheelchair, respectively (Table 2) .
Neurological examination revealed dystonia (6/10) and swallowing problems (6/10) as the most frequent symptoms, followed by hyperreflexia (5/10), truncal hypotonia (5/10), spasticity (4/10), ataxia (4/10), and distal hypotonia (3/10). Other findings occurred in only one or two individuals. No patient presented hyperkinesia, truncal hypertonia, Parkinsonism, or spinal cord compression (Table 3) .
Clinical evaluation revealed impairment in activities of cognitive/intellectual development and behavioral/psychiatric disorders in all subjects with data available (n = 9). Language/speech impairment (dysarthria) was found in eight patients (88%), fine motor and gross motor impairments were reported in seven (77%) and five (55%) patients, respectively. Cognitive delay and impairment activities of daily life were seen in seven individuals (77%). Other signs related to behavioral disorders included learning disability, autism spectrum-like behavior, depression, and aggressive behavior T 
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(two individuals). Anxiety was reported in three patients, and obsessive compulsive disorder was documented in only one case. A summary of all aspects evaluated is presented in Tables 2 and 3 .
| DISCUSSION AND CONCLUSION
GM1 gangliosidosis is a rare and heterogeneous disease with a few studies focused on the adult form (type III). Here we report clinical findings in 10 adults GM1 gangliosidosis patients from Brazil.
Although no prospective natural history studies have been published for GM1 gangliosidosis thus far, several case series of juvenile and adult GM1 gangliosidosis describe the inexorable and irreversible neurological deterioration that progresses until death, which occurs at variable ages in the adult form. 7, 11, 18, 20, 23, 24 In 2004, Muthane et al described three patients from India and revised 40 other previously reported subjects, reinforcing that the most frequent clinical findings were generalized dystonia with prominent facial dystonia and severe speech disturbances. Roze et al 24 Hypo/areflexia
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Gerais state, who presented with juvenile (n = 4) and adult (n = 8) GM1 gangliosidosis. The authors found that the clinical presentation is highly variable among individuals, and skeletal deformities and neurologic symptoms occurred at similar frequencies as initial features, but a combination of both was seen in all individuals over time. The GLB1 mutations found in our patients showed extensive molecular heterogeneity, posing a challenge to the study of genotype-phenotype correlations. In the Brazilian population, Sperb et al 22 reviewed 32 patients with all types of GM1 gangliosidosis from different regions of Brazil who were diagnosed at their reference laboratory and included clinical and molecular analyses. The series included five subjects with the infantile, 15 with the juvenile, and nine with the adult form. Once again, a genotype-phenotype correlation could not be established for most patients. According to the literature, the most frequent mutations are p.Arg59His and c.1577dupG, which, in homozygosis, have been associated with the early infantile phenotype. 21 The p.
Arg59His mutation was present in two of our patients. This mutation was first described by Morrone et al 19 in an Italian patient. Santamaria et al 20 and Sperb et al 22 observed this allele in 27.9% and 19% of patients, respectively. The other frequent mutation (c.1577dupG) was present in only one patient in our study. This mutation has only been reported in Brazilian patients so far, except for one patient from Uruguay described by Santamaria et al. 20 This mutation is associated with cognitive delay and hypertonia in homozygous patients and ophthalmic findings in compound heterozygous patients.
18,22
Regarding the clinical features, the majority of patients (5/6) showed short stature and below normal weight. Signs of dysostosis multiplex were detected in all subjects who underwent a complete radiological evaluation, which is consistent with the literature. 6, 18, 23, 24 Scoliosis was evident in 7/10 subjects. Roze et al 24 described a similar proportion for this finding, with 65% in one series of Japanese patients and 82% in non-Japanese patients. Kyphosis was diagnosed in 4/10 patients in our cohort, and our finding is consistent with results reported in the literature, where 4/9 patients with adult GM1 presented this phenotype. 18 Hip dystonia and platyspondyly were present in only 4/9 patients in our cohort, contrasting with the report by Kannebley et al, 18 who showed that 10/11 and 10/10 patients had hip dysplasia and platyspondyly, respectively (note: as informed in Tables 1 and 2 patients of the present report were included in the sample studied by Reference 18 ).
Among other signs typically described in lysosomal storage diseases, corneal clouding and hearing impairment were seen in only one patient in our cohort. According to Muthane et al, 23 the corneal opacities, macula spots, and cataracts frequently observed in both infantile or late infantile/juvenile GM1 gangliosidosis are unusual in the adult form. The majority of patients needed help to walk, mainly due to skeletal and neurological abnormalities. This finding has not been reported in any case series studies of adult GM1-gangliosidosis. However, Deodato et al, 25 described the results of miglustat treatment on three Italian patients with juvenile/adult GM1 gangliosidosis and showed that in the adult patient the treatment led to a progressive 
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improvement in walking ability with an increase in the distance covered in the 6-minute walk test. 25 Neurological findings revealed dystonia (60%) and swallowing problems (60%) as being the most frequent abnormalities. This proportion is lower than in Japanese patients, where the adult patients had dystonia and swallowing problems in 85% and 96% of the cases, respectively. 24 However, our result is higher than reported by
Brunetti-Pierri and Scaglia, 6 who observed dystonia in 22%
of their adult patients. Dysarthria was diagnosed in most patients (88%) in our cohort and is a frequent symptom, occurring in over 90% of individuals with the adult form. 24 This findings has been reported previously by Roze et al 24 to occur in 96% in one cohort of Japanese and 100% of non-Japanese patients. Most individuals in this cohort had impaired daily living activities, mainly due to the gross and fine motor difficulties. Seven patients presented cognitive delay and five patients presented difficulties in self-supporting tasks including eating and toileting. The frequencies of behavioral disorders found in this study were low. According to Kannebley et al, 18 cognitive and behavioral deficits have rarely been reported in adult GM1, but it is possible that the severe motor impairment and frequent finding of anarthria precluded a thorough cognitive evaluation in this and previous cohorts. Parkinsonism has been reported in case series varying from 7.5% 23 to 48% 24 of the patients but was not seen in our series. Kannebley et al 18 also reported that no patient presented Parkinsonism. We organized our findings based on patient age (as seen in Tables 2 and 3) . In so doing, we expecting to identify early presenting and late-presenting abnormalities. This would be helpful for the evaluation of therapies currently under development. Interestingly, other than aspects such as development of kyphosis or wheelchair need, we were not able to find a clear difference between younger and older patients, which suggests significant phenotypic variability and heterogeneity, even among patients with the same type of GM1 gangliosidosis. This broad phenotypic spectrum poses a challenge for the study of this inherited metabolic disease. We speculate that the evaluation of biomarkers could be more informative and should be pursued in future studies.
This study presents additional data about clinical findings in the adult form of GM1 gangliosidosis. The aim was to improve the understanding of type III GM1 gangliosidosis, as prospective studies of this adult form are lacking and difficult to perform. The rarity of gangliosidoses, with patients scattered across different centers, makes the study of larger samples challenging. However, larger samples will be important to better understand the natural course of the disease and evaluate the efficacy of therapies. 
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